Introduction
============

Head and neck squamous cell carcinoma (HNSCC) is the sixth most common cancer in developed countries \[[@b1], [@b2]\]. In recent years, chemotherapy combined with radiotherapy (RT) and/or surgery has increased organ preservation and improved locoregional control in locally advanced patients \[[@b3]\]. However, despite the success of these new combination strategies, the 5-year survival rate remains at approximately 50% \[[@b2], [@b4]\]. A high percentage of patients suffer relapse, developing lymph node or distant metastases, or secondary tumors \[[@b5], [@b6]\].

To date, response to induction chemotherapy (IC) and the infection by human papillomavirus (HPV) are the only markers used in locally advanced HNSCC treatment decisions \[[@b7]--[@b9]\]. Nevertheless, IC response is not always effective in predicting response to subsequent RT or chemoradiotherapy (CRT). Moreover, response to IC could only be measured after three cycles of genotoxic treatment, delaying and complicating the alternative surgical resection in nonresponder patients. Regarding HPV, its prognostic and predictive value is limited to oropharyngeal HNSCC and also because of the wide variation in the incidence of HPV infection, depending on the geographic region \[[@b10]\]. The development of new molecular markers associated with clinical outcome in HNSCC could be useful in selecting the most appropriate treatment for each patient and to improve their follow-up.

In a previous microarray study in HNSCC patients, we identified three tumor subtypes associated with local recurrence and patient survival \[[@b11]\]. The poor prognosis subtype showed altered expression in genes involved in the secretory pathway and membrane trafficking. This tumor subtype underexpressed *RAB25*, a small GTPase protein that plays a role in the recycling of internalized membrane proteins and in the regulation of epithelial cell polarity \[[@b12]--[@b14]\].

Rab small GTPases family proteins are considered key regulators of intracellular membrane trafficking and their deregulation is involved in multiple diseases, including cancer \[[@b15]--[@b20]\]. Alterations in membrane trafficking and the secretory pathway could modify cell polarity and membrane receptor distribution \[[@b21]\]. These events could promote epithelial cell transformation and increase invasion and migration of tumor cells.

Published studies have shown that *RAB25* could play a role as a tumor suppressor or as an oncogene depending on the cell type in which it is expressed. Loss of *RAB25* expression has been associated with tumor initiation and poor prognosis in colon \[[@b22]\], esophageal \[[@b23]\] and estrogen receptor (ER)-negative breast cancer \[[@b18]\]. Conversely, *RAB25* overexpression has been correlated with decreased survival and increased aggressiveness in ovarian and bladder cancer \[[@b24], [@b25]\].

Recently, Amornphimoltham et al. \[[@b26]\] showed that overexpression of *RAB25* reduced cell invasion and metastasis in an "in vitro" and an "in vivo" model for oral cancer. Loss of *RAB25* expression has also been observed in advanced or metastatic HNSCC biopsies but its association with patient clinical outcome has not been studied yet.

In this study, we analyzed the association between *RAB25* expression and clinical outcome in two independent cohorts of patients with HNSCC. We assessed RAB25 expression in pretreatment HNSCC biopsies from a retrospective immunohistochemical study (*n* = 97) and a prospective mRNA study (*n* = 117) with locally advanced patients. We also analyzed *RAB25* expression in 19 normal tissues. Finally, we overexpressed *RAB25* in the UM-SCC-74B HNSCC cell line to analyze its effect on cell proliferation, migration, invasion, and cisplatin sensitivity.

Methods
=======

Patient characteristics and treatment plan
------------------------------------------

All patients included in the prospective and retrospective studies had a pathologically confirmed, locally advanced (stages III, IVA, and IVB) HNSCC and were treated at the Hospital de la Santa Creu i Sant Pau (HSCSP) in Barcelona. Detailed clinical and pathological information of HNSCC patients are listed in Table [1](#tbl1){ref-type="table"}. The retrospective study (*n* = 97) was performed using paraffin-embedded pretreatment tumor biopsies from locally advanced patients treated between 1995 and 2003. The prospective study (*n* = 117) was performed using fresh primary tumor biopsies obtained before they started treatment. A sample aliquot was used for pathological diagnosis of the malignancy and another aliquot was immersed in RNAlater (Applied Biosystems Incorp, Foster City, CA), frozen in cold isopentane, and kept in liquid nitrogen until RNA processing. Samples with a tumor cell percentage below 80% were excluded. Normal mucosa samples were obtained from areas without apparent clinical or histological alterations.

###### 

Characteristics of patients included in the retrospective and the prospective study.

  Variable                                      Retrospective study number of cases (%)   Prospective study number of cases (%)
  --------------------------------------------- ----------------------------------------- ---------------------------------------
  Sex                                                                                     
   Men                                          91 (93.8)                                 109 (93.2)
   Women                                        6 (6.2)                                   8 (6.8)
  Tobacco consumption                                                                     
   Non-smoker                                   4 (4.1)                                   5 (4.3)
   \<20 cigarette/day                           5 (5.2)                                   9 (7.7)
   \>20 cigarette/day                           85 (87.6)                                 101 (86.3)
   Cigar or pipe                                3 (3.1)                                   2 (1.7)
  Alcohol                                                                                 
   Non-drinker                                  14 (14.4)                                 14 (12)
   \<100g/day                                   38 (39.2)                                 45 (38.5)
   \>100g/day                                   45 (46.4)                                 58 (49.6)
  Age (years)                                                                             
   \<60                                         9 (9.3)                                   61 (52.1)
   \>60                                         88 (90.7)                                 56 (47.9)
  Tumor site                                                                              
   Oral cavity                                  8 (8.2)                                   16 (13.6)
   Hypopharynx                                  18 (18.5)                                 16 (13.6)
   Larynx                                       54 (55.7)                                 35 (30)
   Oropharynx[1](#tf1-1){ref-type="table-fn"}   17 (17.5)                                 47 (40.2)
   Other localizations                                                                    3 (2.6)
  Tumor size                                                                              
   T2                                           16 (16.5)                                 29 (24.8)
   T3                                           56 (57.7)                                 55 (47.0)
   T4                                           25 (25.8)                                 33 (28.2)
  Node involvement                                                                        
   N^+^                                         51 (52.6)                                 92 (78.6)
   N^−^                                         46 (47.4)                                 25 (21.4)
  TNM stage                                                                               
   III                                          49 (50.5)                                 33 (28.2)
   IV                                           48 (49.5)                                 84 (71.8)
  Treatment                                                                               
   IC followed by RT/CRT/surgery                97 (100)                                  73 (62.4)
   Concomitant CRT                                                                        44 (37.6)

N^+^, node positive; N^−^, node negative; IC, induction chemotherapy; RT, radiotherapy; CRT, chemoradiotherapy.

In the retrospective study HPV status was available for 16 oropharyngeal tumors which were negative by PCR assay. In the prospective study, out of the 25 tumors with HPV data available, four were HPV16-positive.

HPV status was available for most of the oropharyngeal samples included in the retrospective and prospective study (Table [1](#tbl1){ref-type="table"}). HPV was previously detected by a multiplex polymerase chain reaction (PCR) assay. The study was approved by the local Ethics Committee.

Patients included in these two studies were treated with concomitant CRT or IC followed by RT/CRT or surgery. IC consisted of cisplatin at a dose of 100 mg/m^2^ on day 1, and 5-FU at a dose of 1000 mg/m^2^ per day by continuous intravenous infusion on days 2--6, every 3 weeks, for three courses. After IC, patients whose tumors showed a complete response or a partial response above 80% received a conservative treatment (RT or CRT). Patients with stable or progressive disease after IC were treated with surgery, usually followed by RT. RT, at a total dose of 70 Gy, was administered in 35 fractions of 2 Gy each, over a 7-week period. CRT consisted of RT plus three cycles of cisplatin at the same doses.

In addition, we analyzed the *RAB25* expression in HNSCC samples using previously described microarray datasets available in GEO (GEO25099, GSE23558, and GSE26549) \[[@b27]--[@b29]\], Array Express (E-TABM-302) \[[@b30]\] and MIAME-VICE (Thurlow et al.) \[[@b31]\] public databases.

Immunohistochemistry
--------------------

Immunohistochemistry (IHC) was performed using paraffin-embedded pretreatment tumor biopsies. Cell block sections or 5-μm tissue samples were deparaffinized in xylol and rehydrated using decreasing ethanol concentrations (100%, 96%, 80%, 70%, and 50%). The samples were immersed in Target Retrieval Solution at pH 5.6 (DakoCytomation S.A., St Just Desvern, Spain) and autoclaved for 10 min at 121°C for antigenic retrieval. Endogenous tissue peroxidase was inactivated by immersing the samples in a 3% H~2~O~2~ solution for 10 min. Samples were then incubated with *RAB25* monoclonal antibody (clone 3F12F3; Abnova, Taipei, Taiwan) at 1:1000 dilution. For primary antibody detection, we used the Flex EnvisionKit in an automatic Dako Autostainer System (DakoCytomation S.A., St Just Desvern, Spain), according to the manufacturer\'s instructions. Counterstaining was performed with hematoxylin (DakoCytomation S.A., St Just Desvern, Spain). Samples were dehydrated in a growing ethanol and xylol gradient, and mounted with DPX media (Sigma Aldrich, Tres Cantos, Spain). Negative controls were processed with non-immunized mouse serum instead of the primary antibody. Immunostained sections were quantified by three independent observers. We registered the presence of *RAB25*-positive or negative cells in three 200× fields using a bright-field light microscope. Tumors were classified as positive if they had more than 1% *RAB25*-positive cells. Negative tumors included samples lacking *RAB25* staining or samples with less than 1% of positive cells.

RNA extraction and real-time RT-PCR
-----------------------------------

Total RNA was extracted with Trizol (Invitrogen Ltd, Paisley, U.K.) as previously described and cleaned using RNeasy® Spin columns (Qiagen Incorp, Valencia, CA). Total RNA was quantified spectrophotometrically. Reverse transcription was performed using 1.5 μg of total RNA and the High Capacity cDNA Archive Kit (Life Technologies Ltd, Paisley, U.K.), in a 50 μL final reaction volume, containing 5 μL of RT buffer, 2 μL of dNTPs mixture, 5 μL of Random Hexamer Primers, 125 U of Multiscribe Reverse transcriptase, and 40 U of RNase inhibitor (Life Technologies Ltd, Paisley, U.K.). These mixtures were incubated at 25°C for 20 min, and then at 37°C for 2 h. Finally, heating at 95°C for 3 min was used to inactivate the reverse transcriptase.

mRNA expression was measured on an ABIPRISM 7000 Sequence Detection System (Life Technologies Ltd, Paisley, U.K.) using predesigned Taqman® Gene Expression Assays for *RAB25* (Hs00220628_m1) and *HPRT1* (Hs99999909_m1) (Life Technologies Ltd, Paisley, U.K.), as previously described \[[@b32]\]. The *HPRT1* gene was used as the endogenous control and the RNA obtained from the HNSCC UM-SCC-22A cell line was used as the calibration sample.

Cell lines and reagents
-----------------------

UM-SCC-22A, UM-SCC-22B, UM-SCC-74B, FaDu, SCC9, and SCC25 HNSCC cell lines were used for in vitro assays. SCC25, SCC9 and FaDu were obtained from the ATCC (<http://www.lgcstandards-atcc.org>). UM-SCC-22A and UM-SCC-22B were a generous gift from Dr. R. H. Brakenhoff \[[@b33]\] and UM-SCC-74B by Dr. Gregory Oakley \[[@b34]\]. Oral normal mucosa OKF6-tert1 keratinocytes were obtained from the Cell Culture Core of the Harvard Skin Disease Research Center (<http://www.rheinwaldlab.bwh.harvard.edu>). UM-SCC-22A, UM-SCC-22B, UM-SCC-74B, and FaDu were grown in DMEM (Life Technologies Ltd, Paisley, U.K.) containing 10% of FBS (Life Technologies Ltd, Paisley, U.K.), 2 mmol/L glutamine and 50 U/mL penicillin/streptomycin. SCC9 and SCC25 cell lines were grown in DMEM:F12 medium (1:1) supplemented with 40 ng/mL of hydrocortisone, 2 mmol/L glutamine, and 50 U/mL penicillin/streptomycin. OKF6-tert1 was cultured in Keratinocyte Serum Free Medium (K-SFM, Life Technologies Ltd, Paisley, U.K.) supplemented with Epidermal Growth Factor, CaCl~2~, and pituitary extract. All cell lines were cultured in a humidified atmosphere at 37°C and 5% of CO~2~. Cell lines were authenticated using the Cell ID kit (Promega Corporation, Madison, WI). Obtained short tandem repeat (STR) profiles were compared with the original STR profiles previously described \[[@b35], [@b36]\].

Transfection was performed using Lipofectamine 2000 (Life Technologies, Paisley, U.K.) according to the manufacturer\'s protocol. Cells were seeded in a six-well plate and cotransfected with pEGF-N1 (100 ng) and pCDNA3-*RAB25* (600 ng) gift by Dr. K.-Wai Cheng \[[@b24]\]. Cells were selected for 2 weeks in 750 μg/mL of G418 (Life Technologies Ltd, Paisley, U.K.) and then grown as individual clones. *RAB25* overexpression in selected clones was evaluated by quantitative PCR.

Proliferation, cytotoxicity, and apoptosis assays
-------------------------------------------------

Proliferation assays were performed seeding cells at a density of 30,000 cells/well in six-well/plates. We counted cells after 48, 96, and 144 h of growth, using the Cell Scepter electronic cell counter (Millipore corporation, Billerica, MA). Cell proliferation analysis was also performed using the XTT Cell proliferation kit II assay (Roche Diagnostics, Mannheim, Germany). We seeded 5000 cells/well in 96-well plates and quantified the number of viable cells after 24 h, 48 h, and 72 h. Experiments were performed three times and each experiment included five replicates for each cell line and time. Differences between parental and *RAB25* overexpressing cells were analyzed applying the Mann--Whitney *U* test.

Cytotoxicity assays were performed seeding cells in 96-well plates (2500 cells/well). Cells were exposed to cisplatin (2.5--40 μmol/L) (Sigma-Aldrich Quimica SA, Madrid, Spain) dissolved in saline buffer. We determined cell sensitivity to cisplatin after 48 h exposure using the XTT Cell proliferation kit II assay (Roche Diagnostics, Mannheim, Germany). Assays were performed at least three times in 96-well plates. Each cisplatin concentration was represented by five wells of cells.

To determine cell death induction, we treated cells with a 15 μmol/L concentration of cisplatin for 24 h and stained them with ProLong® Gold Antifade DAPI (Life Technologies Ltd, Paisley, U.K.) following the manufacturer\'s protocol.

Scattering, migration, and invasion assays
------------------------------------------

For scattering assays, cells were seeded in a 100-mm-diameter plate, previously coated with Poly-Hema (Sigma-Aldrich Quimica SA, Madrid, Spain), at a density of 200,000 cells/plate to promote cell aggregates. Twelve hours later, we transferred cells to a 100-mm-diameter plate pretreated with collagen to allow for cell attachment. After 24 h, we analyzed the presence of cell scattering.

Migration and invasion assays were performed using 24-well transwell plates and inserts with 8-μm pore size (Corning, Inc., Corning, NY). Cells were previously deprived of FBS for 12 h, seeded in a migration chamber at a density of 2500 cells/well and incubated in a 24-well plate containing DMEM with 10% FBS. After 48 h, we removed cells that remained on the top side of the filter using a cotton swab. Cells that migrated and were attached to the underside of the filter were stained with crystal violet (Sigma-Aldrich Quimica SA, Madrid, Spain). For invasion assays, we followed the same procedure but the transwell membrane was previously precoated with Matrigel (BD Biosciences, Franklin Lakes, NJ).

Transwell experiments were performed three times by duplicate. We took two 100× magnified images of each transwell membrane under the same lighting and time exposure conditions. Images were quantified using the Metamoph v5.0 sofware (Universal Imaging, Downingtown, PA), applying the HSI (HUE-saturation-intensity) model as previously described \[[@b32]\]. Using the set color threshold tool of Metamorph software, we established a 174-255 HUE range to select and quantify the area occupied by crystall violet-stained cells. Finally, we established the percent of area occupied by the stained cells on the total image area, which was a measurement of cell migration or invasion.

Bisulfite sequencing
--------------------

Methylation analysis of Rab25 promoter focused on the CpG14 island previously described by Tong et al. \[[@b23]\]. Genomic DNA was isolated from UM-SCC-74B, UM-SCC-22A, UM-SCC-22B, and OKF6 Tert1 cell lines using the QIAmp DNA Mini kit (Qiagen Incorp, Valencia, CA). A quantity of 2 mcg of genomic DNA was bisulfite-converted using the Cells-to-CpG Bisulfite conversion kit (Life Technologies Ltd, Paisley, U.K.).

To amplify and sequence the CpGI4 island we used the primers previously described by Tong et al. (Forward: TGTTATTTAGGTTGGAGTGTAAGGG; reverse: CAACCAAAAAAATTAAAAACCAACTCA). Bisulfite-converted genomic DNA was amplified in a 50 μL final reaction volume, containing 1.0 U of Platinum Taq DNA Polymerase High Fidelity (Life Technologies Ltd, Paisley, U.K.), 5 μL of 10× High Fidelity PCR Buffer, 2 μL of 50 mmol/L MgSO4 and 1 μL of 10 μmol/L of primers. Thermal cycling conditions were 1 min at 94°C and 45 cycles at 94°C for 30 sec, at 55°C for 30 sec and 68°C for 1 min. PCR product purification was done using QIAquick PCR Purification kit (Qiagen Incorp, Valencia, CA) and 30 ng of these products were sequenced using BigDye Terminador v3.1 Cycle Sequencing kit (Life Technologies Ltd, Paisley, U.K.). The sequencing reaction products were analyzed on a ABI 3130xl Genetic Analyzer and using the Chromas Lite 2.1.1 software.

5-aza-dC treatment
------------------

UM-SCC-74B, UM-SCC-22A, and UM-SCC-22B cells were treated with 1 μmol/L-and 50-μmol/L concentrations of the DNA methyltransferase inhibitor 5-aza-dC (5-aza-2′-deoxycytidine, Sigma-Aldrich Quimica SA, Madrid, Spain) during 72 h. Total RNA was isolated using TRIzol reagent (Life Technologies Ltd, Paisley, U.K.). *RAB25* quantitative RT-PCR analysis was performed as described for tumor samples.

Statistical data analysis
-------------------------

Local recurrence-free survival (LRFS) was defined as the time from diagnosis to recurrence at the primary tumor location or the latest follow-up date. Progression-free survival (PFS) was defined as the time from diagnosis to recurrence at the primary tumor location, nodal recurrence or metastasis, or the latest follow-up date. Cancer-specific survival (CSS) was defined as the interval from the date of diagnosis to the date of death from HNSCC or to the latest follow-up date. Patients were censored from the CSS analysis at the date of death if they died from other causes than cancer.

To assess the association between gene expression and LRFS, PFS or CSS we applied univariate and multivariate Cox regression model analysis. Patients were classified in two groups according to their risk of death, as a function of having low- or high-*RAB25* mRNA levels, using classification and regression tree analysis (CART) \[[@b37]\]. Kaplan--Meier curves and log-rank test were used to identify differences in LRFS, PFS, and CSS between groups of patients established. To analyze differences between two or more conditions we used the nonparametric Mann--Whitney *U* or Kruskal--Wallis tests, respectively. Statistical analyses were performed using the SPSS v.14.01 (IBM Corporation, Armonk, NY) and R v2.15 (<http://cran.es.r-project.org>) software. Differences were considered significant at *P*-values \<0.05 in all the applied tests.

Results
=======

Loss of RAB25 protein expression in pretreatment tumor biopsies was associated with poor survival
-------------------------------------------------------------------------------------------------

In the retrospective study, we performed an immunohistochemical analysis of RAB25 protein expression in 97 pretreatment tumor biopsies of locally advanced HNSCC patients, who had an average follow-up time of 68 months. Patient characteristics are described in Table [1](#tbl1){ref-type="table"}. RAB25 showed cytoplasmic and membrane staining (Fig. [1](#fig01){ref-type="fig"}A). Normal and hyperplasic epithelial tissue adjacent to the tumor were positive for RAB25 immunostaining. Tumor stroma did not stain for *RAB25*. We observed 61 RAB25-positive tumors and 36 tumors in which RAB25 was undetectable (negative tumors).

![RAB25 protein expression analysis in pretreatment tumor biopsies of 97 patients included in the retrospective study. (A) Representative images of positive and negative RAB25 tumors at 200× and 400× magnifications. Images show a cytoplasmic and membrane staining pattern of RAB25. (B) Kaplan--Meier curves and log rank test showed that patients with RAB25 negative tumors have a lower cancer-specific survival (CSS) than patients bearing positive tumors.](cam40002-0950-f1){#fig01}

We found significant differences in CSS based on RAB25 protein expression. Patients with RAB25 negative tumors had a shorter survival (*P* = 0.01) than patients bearing positive tumors (Fig. [1](#fig01){ref-type="fig"}B). Multivariate Cox model analysis showed that expression of RAB25 was an independent risk factor for CSS (hazard ratio \[HR\]: 0.464, 95% confidence interval \[CI\] \[0.212--1.017\], *P* = 0.050) ([Table S1](#SD1){ref-type="supplementary-material"}). Node involvement was also significantly associated with patient survival ([Table S1](#SD1){ref-type="supplementary-material"}). We could not analyze the association between HPV status and CSS because all tested oropharyngeal tumors were HPV-negative.

Low-*RAB25* mRNA expression was associated with poor local recurrence-free, progression-free, and cancer-specific survival
--------------------------------------------------------------------------------------------------------------------------

We confirmed the association between the expression of *RAB25* and patient survival using an independent HNSCC microarray dataset previously reported by Rickman et al. \[[@b30]\] (E-TABM-302). Cox model analysis showed that a high expression of *RAB25* was associated with a higher patient survival (HR: 0.64, CI 95% \[0.42--0.97\], *P* = 0.03).

We prospectively analyzed *RAB25* mRNA expression levels by quantitative RT-PCR in 117 pretreatment tumor biopsies obtained from patients with locally advanced HNSCC treated at the HSCSP (Table [1](#tbl1){ref-type="table"}). The median follow-up was 29 months. The median *RAB25* mRNA expression was 3.57 (range 0.21--76.58). Cox model analysis showed a significant association between *RAB25* mRNA expression levels and survival (HR: 0.91, CI 95% \[0.83--1.00\], *P* = 0.05). A high expression of *RAB25* in pretreatment tumor biopsies reduced the risk of patient death.

We identified two groups of patients depending on their *RAB25*-mRNA levels in tumors (*RAB25*-mRNA level \< or \>1.75) using the CART. Kaplan--Meier curves showed significant differences in LRFS (*P* = 0.005), PFS (*P* = 0.002), and CSS (*P* \< 0.001) between patients with *RAB25*-tumor expression above and below the established threshold (Fig. [2](#fig02){ref-type="fig"}). The subset of patients with a low-*RAB25* expression had lower LRFS, PFS, and CSS than patients with high-*RAB25* expression. Multivariate Cox model analysis showed that *RAB25* mRNA level was an independent risk factor for LRFS (HR: 3.00, 95% CI \[1.46--6.17\], *P =* 0.003), PFS (HR: 2.49, 95% CI \[1.41--4.41\], *P* = 0.002), and CSS (HR: 3.84, 95% CI \[1.93--7.62\], *P* \< 0.001) in locally advanced HNSCC patients (Table [2](#tbl2){ref-type="table"}). HPV status was available for 29 of the oropharyngeal tumors included in the prospective study. Only four of these tumors were positive for HPV (HPV16). Three of these patients showed a high tumor expression of *RAB25* and were alive at the end of the study. The fourth patient, who had a low tumor expression of *RAB25*, died from a cause unrelated to the HNSCC. The low-HPV infection rate in our series of patients did not allow to study the association between HPV infection and Rab25 expression and clinical outcome.

###### 

Multivariate Cox model analysis of local recurrence-free, progression-free, and cancer-specific survival in the prospective cohort (*n*=117).

                         Local recurrence-free survival   Progression-free survival   Cancer-specific survival                                    
  ---------------------- -------------------------------- --------------------------- -------------------------- ----------- -------------------- -------------
  All patients                                                                                                                                    
   RAB25                 3.00 (1.46--6.17)                **0.003**                   2.49 (1.41--4.41)          **0.002**   3.84 (1.93--7.62)    **\<0.001**
   Age                   0.53 (0.25--1.10)                0.087                       0.79 (0.45--1.40)          0.429       0.58 (0.29--1.17)    0.130
   Alcohol consumption   2.05 (0.59--7.04)                0.253                       1.83 (0.64--5.22)          0.258       1.33 (0.31--5.68)    0.702
   Tobacco consumption   0.30 (0.03--3.08)                0.314                       0.24 (0.03--2.18)          0.203       0.49 (0.04--5.66)    0.568
   Sex                   0.34 (0.09--1.27)                0.107                       0.79 (0.23--2.70)          0.706       0.53 (0.11--2.43)    0.410
   N^−^ vs. N^+^         0.67 (0.28--1.64)                0.388                       0.58 (0.28--1.19)          0.136       0.61 (0.24--1.53)    0.287
   Tumor size            0.52 (0.20--1.31)                0.166                       0.59 (0.29--1.21)          0.151       0.76 (0.33--1.77)    0.527
   Localization          1.94 (0.93--4.04)                *0.078*                     1.32 (0.75--2.32)          0.334       1.86 (0.92--3.77)    0.084
  CRT/IC+RT/IC+CRT                                                                                                                                
   RAB25                 2.43 (1.08--5.50)                **0.033**                   2.29 (1.17--4.49)          **0.016**   4.60 (1.88--11.25)   **0.001**
   Age                   0.43 (0.18--1.01)                0.053                       0.77 (0.38--1.57)          0.472       0.74 (0.29--1.87)    0.526
   Alcohol consumption   2.09 (0.67--6.56)                0.206                       1.67 (0.49--5.66)          0.411       0.85 (0.11--6.53)    0.877
   Tobacco consumption   0.52 (0.05--6.00)                *0.599*                     0.75 (0.65--8.58)          0.813       2.46 (0.13--45.85)   0.546
   Sex                   0.31 (0.81--1.18)                0.086                       0.65 (0.19--2.29)          0.507       0.39 (0.08--1.93)    0.250
   N^−^ vs. N^+^         0.61 (0.23--1.63)                0.324                       0.60 (0.26--1.39)          0.236       0.69 (0.22--2.18)    0.528
   Tumor size            0.29 (0.09--0.89)                **0.031**                   0.44 (0.18--1.08)          0.074       0.64 (0.21--1.92)    0.424
   Localization          1.48 (0.64--3.42)                0.359                       1.48 (0.74--2.95)          0.271       2.87 (1.08--7.61)    **0.034**

HR, hazard ratio; 95% CI, 95% confidence interval; RAB25, RAB25 mRNA level \<1,7 versus RAB25 mRNA level \>1,7; N^−^ versus N^+^, node negative versus node positive; Tumor size, T1--T2 versus T3--T4; Localization, oropharynx or oral cavity versus hypopharynx or larynx.

Statistically significant P-values are indicated in bold (*P*-value \< 0.05).

![Patients included in the prospective study (*n* = 117) were stratified in two groups according to the *RAB25* mRNA level. Kaplan--Meier curves and log-rank test showed significant differences in local recurrence-free survival (A), progression-free survival (B), and cancer-specific survival (C) between patients with high expression (\>1.75) and patients with low expression (\<1.75).](cam40002-0950-f2){#fig02}

We next searched for possible differences in LRFS, PFS, and CSS within the subset of patients who received CRT/RT after IC or concomitant CRT (*n* = 87), excluding those treated with surgery after IC (*n* = 23). Again, multivariate Cox model confirmed that *RAB25* mRNA level was an independent risk factor for PFS and CSS (Table [2](#tbl2){ref-type="table"}). We used CART analysis to generate a model to predict death in patients who had followed a genotoxic treatment ([Fig. S1](#SD1){ref-type="supplementary-material"}). Again, CART analysis selected the 1.75 mRNA level as the best cut-off to classify patients in two risk groups: a high-risk group whose tumors expressed a *RAB25* mRNA level below 1.75 and a low-risk group with a *RAB25*-tumor mRNA level above 1.75. Specificity and sensitivity in predicting patient death were 81.3% and 65.5%, respectively.

HNSCC tumors express lower *RAB25* levels than normal mucosa
------------------------------------------------------------

We compared *RAB25* expression levels between 19 normal mucosa and 117 tumor samples. Tumor tissue had a lower expression of *RAB25* than normal tissue (Fig. [3](#fig03){ref-type="fig"}A). We confirmed these results by analyzing *RAB25* expression in three previously reported microarray datasets \[[@b27], [@b28], [@b31]\]. We found significant differences in *RAB25* mRNA expression levels between tumor and mucosa tissues in all the analyzed datasets. Tumor tissue showed a lower expression of *RAB25* than normal tissue (Fig. [3](#fig03){ref-type="fig"}B--D). Analysis using the dataset described by Saintigny et al. \[[@b29]\] (GSE26549) showed no significant differences in *RAB25*-mRNA levels of precursor HNSCC lesions with different histological grades (hyperplasia vs. dysplasia) ([Fig. S2](#SD1){ref-type="supplementary-material"}).

![(A) Box plots showed a lower *RAB25* expression in tumor tissue (*n* = 117) than in normal tissue (*n* = 19). We confirmed significant differences using three independent microarrays datasets (B) Thurlow et al. (C) GSE23558 and (D) GSE25099 (Mann--Whitney *U* test).](cam40002-0950-f3){#fig03}

*RAB25* overexpression increases cell proliferation and sensitivity to cisplatin whereas it reduces cell invasion and migration
-------------------------------------------------------------------------------------------------------------------------------

We analyzed *RAB25* mRNA levels in six HNSCC cell lines by quantitative RT-PCR (UM-SCC-22A, UM-SCC-22B, UM-SCC-74B, FaDu, SCC9, and SCC25) and in OKF6-Tert1 immortalized normal keratinocytes. All analyzed cell lines expressed lower *RAB25* mRNA levels than OKF6-Tert1 keratinocytes (Fig. [4](#fig04){ref-type="fig"}A). SCC9 and UM-SCC-74B did not express detectable levels of *RAB25*. We transfected the UM-SCC-74B cell line with the pCDNA3.1-HA-*RAB25* plasmid and obtained stable clones overexpressing *RAB25* (UM-SCC-74Bclone10 and UM-SCC-74Bclone20) (Fig. [4](#fig04){ref-type="fig"}B).

![(A) *RAB25* mRNA levels analyzed in HNSCC cell lines by quantitative RT-PCR. (B) UM-SCC-74B clones overexpressing *RAB25* detected by qRT-PCR. (C) Proliferation assays performed seeding cells at a density of 30,000 cells/well in 6 well/plates, during 48, 96, and 144 h. (D) XTT cytoxicity assays. Cells were exposed during 48 h to cisplatin (2.5--40 μmol/L). (E) Scattering, migration, and invasion assays. (Mann--Whitney *U* test). HNSCC, head and neck squamous cell carcinoma; RT-PCR, real-time polymerase chain reaction.](cam40002-0950-f4){#fig04}

Cells overexpressing *RAB25* (UM-SCC-74B clones 10 and 20) showed a higher proliferation rate than the parental UM-SCC-74B cell line. These differences were observed at 48, 96, and 144 h after seeding (Fig. [4](#fig04){ref-type="fig"}C). We confirmed these results using an independent technique (XTT assay). After 72 h of cell growth, UM-SCC-74B cells overexpressing *RAB25* showed a higher proliferation rate than parental UM-SCC-74B ([Fig. S3](#SD1){ref-type="supplementary-material"}A). We did not observe differences in proliferation rate between the two analyzed clones.

Cytotoxicity assays showed that *RAB25* overexpression increased cisplatin sensitivity as compared to the parental cell line (Fig. [4](#fig04){ref-type="fig"}D). Cisplatin IC~50~ values for both clones were 50% lower than in non-*RAB25*-expressing cells. After 24 h of cisplatin exposure, levels of nuclear condensation and nuclear fragmentation in cells overexpressing *RAB25* were higher than in parental cells ([Fig. S3](#SD1){ref-type="supplementary-material"}B). However, we did not find differences in Caspase-3 activation between UM-SCC-74B and transfected cells by Western Blot analysis (data not shown).

Scattering assays showed that *RAB25* overexpression in UM*-SCC-74B* clones 10 and 20 impaired the ability to spread in coated collagen plates and promoted cell aggregation (Fig. [4](#fig04){ref-type="fig"}E). Moreover, transwell assays showed that *RAB25* overexpression reduced cell migration and invasion rates. A reduced number of cells from UM-SCC-74B clones 10 and 20 migrated through the Matrigel coated or non-coated transwell membranes compared to the parental cell line (Fig. [4](#fig04){ref-type="fig"}E).

Finally, we analyzed the methylation of the RAB25 promoter. Bisulfite sequencing analysis showed that methylation status of the CpGI4 island was higher in the UM-SCC-22B and UM-SCC-74B cell lines than in the UM-SCC-22A ([Fig. S4](#SD1){ref-type="supplementary-material"}). After exposure to 5-aza-20-deoxycitidine (5-aza-dC), mRNA levels of *RAB25* increased in UM-SCC-22B and UM-SCC-74B cell lines.

Discussion
==========

Loss of *RAB25* expression is associated with poor survival in patients with locally advanced head and neck carcinoma
---------------------------------------------------------------------------------------------------------------------

Our findings show that *RAB25* expression is associated with clinical outcome in patients with locally advanced head and neck carcinoma. Patients with tumors expressing a low level of *RAB25* had a higher risk of tumor recurrence, node or distant metastases, and death. Its role as a prognostic marker had been studied in other tumor types, but this is the first time that it is shown in patients with locally advanced HNSCC.

Studies published to date show that the role of *RAB25* in tumorigenesis and patient prognosis depends on the tumor type and the cell of origin in which *RAB25* is expressed. In agreement with colon and esophageal cancer studies \[[@b22], [@b23]\], our results in HNSCC showed that low *RAB25* expression was associated with poor survival. Similarly, in pancreatic tumors lacking CLIC3 expression, Dozynkiewicz et al. \[[@b38]\] also showed that low *RAB25* expression was associated with decreased survival.

Breast, bladder, and ovarian cancer studies have suggested that a high expression of *RAB25* is associated with poor prognosis \[[@b24], [@b25], [@b39]\]; however, these results are controversial \[[@b40], [@b41]\]. In hormone receptor-positive breast cancer, *RAB25* expression is a poor prognosis factor, whereas the breast cancer subtype with the worst prognosis, triple negative for hormonal receptors presents loss of *RAB25* expression \[[@b18], [@b42]\]. Gonzalez-Angulo et al. \[[@b41]\] showed that a high expression of *RAB25* was associated with higher recurrence-free survival in breast cancer patients, but they observed that *RAB25* loss its predictive value when they analyzed hormone receptor-positive tumors only. These results support the notion that the prognostic value of *RAB25* depends on the cancer cell type analyzed.

The increased sensitivity to cisplatin and cell proliferation we observed in the UM-SCC-74B cell line overexpressing *RAB25* could explain why patients with high-*RAB25* tumor expression obtain greater clinical benefit from genotoxic treatment than patients with low *RAB25* tumor expression. Cisplatin displays its maximal antitumor activity when cells are growing at the exponential phase. The increased proliferation rate observed in cells overexpressing *RAB25* could thus enhance the antitumor effect of cisplatin. After 24 h of cisplatin exposure, we found an increase in nuclear fragmentation in cells overexpressing *RAB25* but we did not find differences in Caspase-3 activation.

Regarding cell line proliferation analysis, we showed that *RAB25* expression increased cell proliferation, whereas Amornphimolthan et al. \[[@b26]\] found no impact on cell proliferation. A possible explanation for this discordance could be the use of different cell lines. Further research on the mechanism involved in programmed cell death induction is required to improve the understanding of the role of *RAB25* in this process.

Amornphimolthan et al. \[[@b26]\] study has previously shown in HNSCC that RAB25 plays an important role in tumor migration and metastasis. They showed that its re-expression in HNSCC blocked cell migration. We confirmed these results overexpressing RAB25 in the UM-SCC-74B. Loss of *RAB25* expression could therefore increase the invasion and dissemination ability of tumor cells in patients, and consequently increase the risk of recurrences and development of lymph node or distant metastases. Other authors have reported similar results in different tumor types. Tong et al. \[[@b23]\] showed that *RAB25* overexpression reduces the migration and invasion capacity in esophageal squamous carcinoma cell lines. Goldenring et al. showed that *RAB25* could enhance transformation and tumor invasion using the Smad3−/− mouse model of colon cancer. *RAB25*−/− Smad3+/− mice showed large invasive lesions in a high percentage of animals \[[@b22]\]. In contrast, *RAB25*+/+ Smad 3+/− mice did not develop adenocarcinomas. *RAB25* was also underexpressed in metastatic as compared to non-metastatic pancreatic endocrine neoplasms \[[@b43]\].

The most remarkable novelty of this study is that it shows the prognostic value of *RAB25* expression in patients with locally advanced HNSCC. Based on these results, determination of *RAB25* expression levels in pretreatment biopsies could identify patients with a high probability of survival. These patients could receive concomitant CRT as a first-line therapy, eliminating unnecessary surgery, and therefore increasing, organ preservation. Patients with a high probability of death, following a genotoxic treatment, could be candidates to surgery or an alternative treatment, avoiding the side effects of an ineffective genotoxic treatment.

Although we analyzed *RAB25* expression both retrospectively and prospectively, independent studies are needed to validate the sensitivity and specificity of this marker to predict treatment response. We also confirmed the prognostic value of *RAB25* using an independent microarray dataset performed with surgical patients at different tumor stages, previously published by Rickman et al. A future independent study in patients receiving genotoxic therapy could allow us to validate the predictive value of *RAB25*.

The accuracy of *RAB25* mRNA levels in distinguishing patients with a low or high risk of death after treatment was around 75%. We may improve the sensitivity and specificity of pretreatment tumor classification adding additional molecular markers, such as HPV status, which associate with HNSCC clinical outcome. In this study, we could not determine the effect of HPV on clinical outcome, due to the low incidence of HPV-positive tumors. Finally, it would be necessary to conduct a randomized trial to determine if the use of this marker for therapeutic decision making may increase disease-free survival in locally advanced HNSCC patients.

*RAB25* as a tumor suppressor gene in HNSCC
-------------------------------------------

Our findings showed that loss of *RAB25* expression is a common event in HNSCCs and supported its role as a tumor suppressor. These results are consistent with those obtained by Amornphimoltham et al. \[[@b26]\], who showed in a cohort of 69 patients with HNSCC, that *RAB25* was downregulated in tumor samples. Nevertheless, these authors did not study *RAB25* prognostic capacity.

Previous studies on *RAB25* have revealed that it could play a role as a tumor suppressor gene or as an oncogene depending on the cell type in which it is expressed. It has recently been suggested that *RAB25* may act as a tumor suppressor in colon, esophageal, and triple-negative breast cancers \[[@b22], [@b23], [@b44]\]. Goldenring et al. described that loss of *RAB25* promotes the development of intestinal neoplasia in mice \[[@b22]\]. Moreover, they showed that human colorectal adenocarcinomas exhibited a reduction in *RAB25* expression independently of tumor stage. Recently, Tong et al. \[[@b23]\] showed that esophageal squamous cell carcinoma cells (ESCC) overexpressing *RAB25* have a lower rate of tumor formation than ESCC cells with repressed *RAB25* in an in vivo model. They showed that loss of *RAB25* was associated with promoter hypermethylation on CpG14 island rather than with a chromosomal alteration. We showed that CpG14 island methylation was higher in the UM-SCC-22B and UM-SCC-74B cells. After demethylation by exposure to 5-aza-20-deoxycitidine (5-aza-dC), mRNA levels of RAB25 increased in both cell lines, suggesting that promoter hypermethylation may play a role in silencing RAB25 expression in HNSCC.

Moreover, the last two studies showed that tumor samples underexpressed *RAB25* as compared to normal tissue. These findings support the role of *RAB25* as a tumor suppressor in these tumor types. In breast and ovarian cancers, *RAB25* may have a role as a tumor suppressor or an oncogene depending on the tumor subtype in which it is expressed. *RAB25* is highly expressed in epithelial ovarian cancers but not in stromal tumors \[[@b40], [@b45]\]. Similarly, hormone receptor-positive breast tumors have a high expression of *RAB25*, whereas triple-negative breast tumors lack *RAB25* expression \[[@b18], [@b42]\]. Interestingly, the loss of expression of *RAB25* is associated with subtypes of breast or ovarian tumors displaying a mesenchymal phenotype. These findings are in agreement with our previously published microarray study in which we identified a poor prognosis subtype of HNSCC that expressed low levels of *RAB25* and showed features of epithelial--mesenchymal transition and undifferentiation \[[@b11]\].

Similar to findings reported in ESCC and colon cancer \[[@b22], [@b23], [@b46]\], our results indicate that *RAB25* could be a tumor suppressor gene in HNSCCs. We observed a loss of *RAB25* tumor expression in all four sets of samples analyzed. These results suggest that *RAB25* could play a role in epithelial transformation and tumor progression. Moreover, an analysis of the data published by Saintigny et al. \[[@b29]\] showed lack of differences in *RAB25* expression among precursor lesions at different histological grade, suggesting that loss of *RAB25* expression could occur during the late stages of HNSCC pathogenesis. Future studies of the molecular signaling pathways involved in proliferation, migration and apoptosis at different stages of HNSCC progression could help to clarify the role of *RAB25* in epithelial transformation and tumorigenesis.

In summary, we have shown loss of *RAB25* expression in tumor samples, an association between low *RAB25* expression and poor clinical outcome, and a reduction in cell migration and increased sensitivity to cisplatin sensitivity in *RAB25* overexpressing cells. All these findings support the role of *RAB25* as a tumor suppressor gene in HNSCC and show its value as a potential biomarker to identify locally advanced patients who are most likely to benefit from genotoxic treatment.
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**Figure S1.** (A) Classification and regression tree analysis separated patients treated with genotoxic treatment in two risk groups using *RAB25* mRNA level in pretreatment tumor biopsy (\<1.75 or \>1.75). (B) Patients with high tumor expression of *RAB25* had a reduced risk of death than patients with low expression level.

**Figure S2.** *RAB25* mRNA level in samples with hyperplasia or dysplasia included in a public microarray dataset previously published by Saintingny et al. (GSE26549) (Mann--Whitney *U* test).

**Figure S3.** (A) Differences in cell proliferation between the parental UM-SCC-74B cell line and UM-SCC74B clones overexpressing *RAB25* using XTT assay (Mann--Whitney *U* test). (B) Hoechst assay showed a higher cell death rate in UM-SCC-74B *RAB25* overexpressing cells than in UM-SCC-74B wild-type cells, after 24 h of exposure to cisplatin (15 μmol/L).

**Figure S4.** (A) Relative methylation status of the CpGI4 island obtained by bisulfite sequencing analysis in HNSCC cell lines. *RAB25* mRNA levels measured after 72 h of treatment with 5-aza-dC of the UM-SCC-74B (B), UM-SCC-22B (C) and UM-SCC-22A (D) cell lines.

**Table S1.** Multivariate Cox model analysis of cancer-specific survival in the retrospective cohort (*n* = 97).

**Table S2.** Authentication of the HNSCC cell lines used in the study.
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